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MULTIFILAMENTARY SUPERCONDUCTORS WITH MAGNETIC SCREENING LAYERS 

Field of the Invention 

This invention relates to multifilamentary superconductors. 
5 Background of the Invention 

One of the most important parameters of multifilamentary superconductors, as 
wires or tapes, for from the point of view of their use in electrical energy transport, is 
their transport ac losses (so-called self-magnetic field losses or self-field losses). Both 
low-T c and high-T c wires and tapes can be treated as mono-core superconductors [1-6] 
1 0 because of filament coupling. 

Several methods have been proposed, to isolate the filaments in multifilamentary 
superconductors, with special emphasis on (BiPb)SrCaCuO-2223 multifilamentary tapes 
[7-14]. The methods are based on increasing the matrix resistivity of the tapes by 
alloying Ag with e.g. Mg or Au [7, 8], twisting the filaments or on embedding them in 
15 an electrically insulating oxide barrier (e.g. BaZr0 3 , SrZr0 3 or SrC0 3 ) or combining 
these two methods, i.e. twisting the filaments surrounded by the oxide barriers [9 - 12]. 
Alternative methods shield the (BiPb)SrCaCuO-2223 tape by deposition of a 
Y,Ba 2 Cu 3 0 7 . x thin film onto its surface [13] or involve wrapping [14], in which thin and 
non-twisted (BiPb)SrCaCuO-2223 tapes are wrapped helically around a core wire, and 

2 0 where over-wrapping and/or plural-wrapping for each layer may transpose the filaments 

in such a composite. 

It was found experimentally that while most of these methods are successful in 
decreasing the ac losses in (BiPb)SrCaCuO-2223 tapes exposed to an external ac 
magnetic field [9, 11 ], they are not effective in decreasing the transport ac losses, i.e. the 
25 self-field losses [4]. The self-field losses of (BiPb)SrCaCuO-2223 tapes, regardless of 
whether they have a high resistivity matrix, oxide barriers around the filaments or twisted 
filaments, still scale with the theoretical relations for a mono-core superconductor [4, 
11]. This proves that, in self-field conditions, the filaments in (BiPb)SrCaCuO-2223 
tapes are still magnetically coupled. The same is valid also for self-field losses in classical 

3 0 low-T c superconductors [1]. To de-couple the filaments magnetically, quite large 

separation is needed, much larger than their dimensions [15,16]. Such separation greatly 
decreases the current-carrying capacity of the composite. 
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Summary of the Invention 

According to the present invention, in order to de-couple the filaments 
magnetically, they are surrounded by a suitable low-loss ferromagnetic material. Such 
a magnetic de-coupling of the filaments can also be an effective technique to reduce ac 
5 losses of the multifilamentary superconductors exposed to moderate ac or dc external 
magnetic fields. 

The invention utilises the shielding effect of magnetic material . The magnetic field 
of a current-carrying filament embedded in a ferromagnetic material propagates outside 
and is screened by ferromagnetic coverings of the neighbouring filaments, with the 
10 intention that the current distribution of the filaments inside these ferromagnetic 
coverings remains unaffected by the magnetic field of the current-carrying filament. 
Brief Description of the Drawings 

Fig. 1 shows the magnetic field lines (scale 2 x 10" 8 Wb) of a model system of 
(6+ 1 ) filaments A each embedded in a ferromagnetic layer B of rectangular cross- section 
15 with: a) ^==1,0)^=1000. 

Fig. 2 shows the magnetic field lines (scale 6 x 10" 10 Wb) of a model coated 
conductor with (6+1) filaments A embedded in a ferromagnetic layer B of rectangular 
cross-section, when current passes through the central filament only, for six (a - f) 
different combinations of values u r for the layer B, substrate C and buffer layer D. 
20 Fig. 3 shows hysteretic loops for ferrite (F) and soft iron (S). 

Fig. 4 shows the DC current-voltage characteristics of Sample 1 (see the 

Example): A, A - bare tape, O - covered with Fe powder, V, V - after removing Fe 
covering (solid symbols - increasing current, open symbols -decreasing current), a) linear 
scale, b) log-log scale. 

2 5 Fig. 5 shows the normalized transport ac losses Q of Sample 1 in dependence on 

normalised current of amplitude I 0 : a) measured by the potential wires C (•, O) and E 
(■, □), (open symbols - Fe covered tape, solid symbols - bare tape); b) measured by the 
potential wires L (□ - bare tape, • - Fe covered, □ - Fe removed). (The solid and dashed 
lines represent the theoretical dependencies for a conductor with an elliptical cross- 

3 0 section and for a thin strip, respectively). 
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Fig. 6 shows the normalised transport ac losses Q of Sample 2 in dependence on 
normalised current of amplitude I 0 measured by the potential wires L (see Example) 
(open symbols - bare tape, solid symbols - wrapped in NiFe foil). (The solid and dashed 
lines represent the theoretical dependencies for a conductor with an elliptical cross- 
5 section and a thin strip, respectively). 

Fig. 7 shows the magnetic field lines of two parallel tapes carrying parallel (a) and 
antiparallel (b) currents with the same critical current density j c =10 9 A/m 2 in the fully 
penetrated state. 

Fig. 8 shows the current-voltage characteristics of Sample 3 in increasing current, 
10 in the vicinity of an another parallel piece of the same sample, for different orientations 
of the currents in the tapes (see Fig. 7). (• - no covering, no current in the second tape, 
A - no covering, parallel currents, V - no covering, anti-parallel currents, ■ - Fe cover, 
no current in the second tape, 0 - Fe cover, parallel currents, □ - Fe cover, anti-parallel 
currents), a) linear scale, b) log-log scale. 
15 Fig. 9 shows the normalised transport ac losses Q of Sample 3 in dependence on 

normalised current of amplitude I 0 at 40 Hz. Solid symbols - no covering, open symbols - 
Fe covering, (o, • - current only in the measured tape, □, ■ - parallel currents, 0, ♦ 
- anti-parallel currents), a) potential wires E 0 , b) potential wires C, c) potential wires Ej. 
Description of the Invention 
20 An object behind this invention lies in decreasing transport ac losses in 

multifilamentary superconductors involving magnetic de-coupling of the filaments, by 
covering them with a suitable ferromagnetic material. The coefficient of decrease of 
losses K is directly proportional to the number of filaments. The invention can be applied 
to both, lo w-T c and high-T c multifilamentary superconductors. It was found theoretically 

2 5 that, for the filaments of circular cross-section, if the material is isotropic, there should 

be no I c degradation nor ac loss increase in the superconductor caused by the presence 
of magnetic covering. The magnetic screening effect can be demonstrated by numerical 
modelling, and it was found that using magnetic materials with n=100 - 200 is sufficient 
for effective screening. The ferromagnetic material preferably has narrow hysteretic 

3 0 loops to suppress the hysteretic losses in magnetic coverings and in an amount just 
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sufficient to achieve the screening effect. Partial screening may also effectively decrease 
the transport ac losses if the number of filaments is large. 

In a product of the invention, the layer may be at least 0.1, 0.5 or 1 urn, e.g. up 
to 10, 25, 50 \xm or more. The number of filaments in the product may be at least 10, 
5 25 or 50, e.g. up to 500 or 1000 or more. Adjacent filaments may be spaced by 1 to 1 0 
or 20 nm, or more. 

By way of example, in application to (BiPb)SrCaCuO-2223 multifilamentary 
tapes, the choice of the magnetic material depends on the method of making such a 
composite. When applying the magnetic covering before the (BiPb)SrCaCuO-2223 phase 

1 o formation, the choice of the magnetic material depends also on the processing conditions, 

so that it is not detrimental for BiSrCaCuO-2223 phase formation through its diffusion 
into (BiPb)SrCaCuO during the heat treatment. One method of creating the magnetic 
covering of the filaments, particularly in (BiPb)SrCaCuO-2223 tapes, comprises 
introducing oxide barriers around the filaments [ 1 0, 1 1 ] but containing a required portion 
15 of magnetic material. Magnetic screening of the filaments can also be an effective 
technique to reduce ac losses of the multifilamentary superconductors exposed to 
moderate ac or dc external magnetic fields, as e.g. in superconducting transmission cables 
or resistive fault current limiters. Appropriate choice of material can be made by one of 
ordinary skill in the art. 

2 0 This effect is visualised by the numerical modelling shown in Fig. 1 performed on 

a model multifilamentary composite with (6+1) filaments of rectangular cross-section 
embedded in a ferromagnetic material with different relative magnetic permeability m 
when only one filament (the upper left one) carries the current with critical current 
density j=l.l x 10 8 A/m 2 . The filaments are 250 urn in width and 30 \im in thickness. 

2 5 The thickness of the ferromagnetic layer is 5 urn. The spacing between the filaments, 
covered with magnetic layer, in both, horizontal and vertical directions, is 20 um. Figure 
la shows the magnetic field lines (scale 2 x 10 4 Wb) in the case when the relative 
magnetic permeability of the ferromagnetic layers m=l, » e when there is no magnetic 
screening. Figure lb shows the magnetic field lines, on the same scale, when the relative 

30 magnetic permeability of the ferromagnetic layers ^=1000. Because of a non- 
homogeneous magnetic field, the screening effect can be characterised in terms of 
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magnetic field energy generated by the current-carrying filament in neighbouring 
filaments. It is reduced by 95% in the nearest neighbours and by 99.5% in other 
filaments. It was found that by decreasing ^ of the ferromagnetic layers to |i=200, the 
reduction of the magnetic field energy in the nearest neighbouring filaments was still 
5 about 60% and about 95% in other filaments. Further decrease of ^ down to 1 00 shifts 
these numbers to about 30% and 85%, respectively. 

The invention can be applied also to YBCO thin film multifilamentary conductors 
(so-called coated conductors). They have parallel YBCO strips on a NiFe or Hastelloy 
substrate, separated by a buffer layer, because of the lower ac losses in a perpendicular 
10 magnetic field of such a configuration in comparison with a mono-layer conductor [17]. 
However, the shielding effect of covering such a strip structure by a ferromagnetic 
material can be less complete due to the presence of a non-magnetic buffer layer and/or 
the non-magnetic substrate. It depends also on the magnetic properties of the substrate. 
Fig. 2 shows a possible structure of such a coated (6+1) multifilamentary conductor 
1 5 having filament dimensions 8 ^m x 2 ^m, a buffer layer 0.5 ^m thick, on a substrate 9.5 
*im thick. The filaments are covered with a ferromagnetic layer 0.5 urn thick. The 
spacing between the neighbouring filaments, covered with ferromagnetic layer, is 1 ^im. 
The current, of current density 10 9 A/m 2 , passes only through the central filament. Fig. 
2a shows the magnetic field lines (scale 6 x 10* 10 Wb) when all the materials are non- 

2 0 magnetic. The relative magnetic permeability =1000 for either of the substrate (Fig. 

2b) or of the magnetic cover (Fig. 2c), for the magnetic cover and the substrate (Fig. 2d), 
and finally for all the materials except for the superconductors, i.e. the substrate, the 
magnetic cover and the buffer layer (Fig. 2e). Fig. 2f presents the results when the 
substrate is non-magnetic, keeping the permeabilities of the buffer layer and the magnetic 
25 cover at ^=1000. The scale of the magnetic field lines is the same, to enable a direct 
comparison of the results. 

The effect of the ferromagnetic properties of the substrate is large (Fig. 2b). 
Similarly, the effect of the magnetic cover with the non-magnetic buffer layer (Fig. 2d) 
greatly increases the magnetic field in the filamentary space. Making the buffer layer 

3 0 ferromagnetic (Fig. 2e) has a significant effect on magnetic screening of the filaments. 

The magnetic field in neighbouring filaments generated by the current in the central 
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filament, expressed again in terms of magnetic field energy, is suppressed by about 99.6 
% in comparison with the case when all the materials are non-magnetic (Fig. 2a). A 
similar screening effect is obtained also when the substrate is non-magnetic and the 
permeabilities of the buffer layer and the magnetic cover are at ^=1 000 (Fig. 2f). Setting 
5 the value of ^=100 still gives screening of about 70 %. The magnetic screening is 
therefore most effective if each filament is completely embedded in a ferromagnetic 
material. 

The effect of magnetic de-coupling of the filaments, surrounded by ferromagnetic 
layers, on transport ac losses of a composite can be derived theoretically. Full details 
1 o have been reported [18]. 

It can be determined that results for a current-carrying superconducting cylinder 
of an elliptical cross-section embedded in a ferromagnetic space differ significantly from 
those derived for an infinitely thin strip placed either between two perpendicular 
ferromagnetic half-spaces or in an open-curved convex cavity in ferromagnetic space [ 1 9, 
15 20]. In these cases, a strong current redistribution in a magnetic field-free region of the 
strip was found, leading to a large enhancement of the total loss-free current. However, 
besides the problem of validity of that one-dimensional critical state model, the problem 
of finite size of such ferromagnetic geometries as well as the screening of the magnetic 
fields of neighbouring filaments has to be solved. 
20 In summary, for a superconductor having a circular cross-section, the presence 

of a magnetic surrounding does not influence the magnetic field distribution within the 
superconductor nor the transport ac losses. For a superconductor having an elliptical 
cross-section, the magnetic surrounding significantly affects both the magnetic field 
distribution and the transport ac losses. However, the theoretical analysis was made only 
25 for the simplest critical state model with j =const and in a fully penetrated state. In 
standard (BiPb)SrCaCuO-2223 tapes, the individual filaments typically cannot have a 
circular cross-section because of poor alignment of the grains and texture, resulting in 
low j c values. The filaments must have approximately elliptical cross-sections, e.g. having 
an aspect ratio of about 10. Their critical current densities appeared to be very sensitive 
30 to the magnetic field and also to its orientation with respect to the width of the filaments. 
Nonetheless, it is possible to determine experimentally the behaviour of (BiPb)SrCaCuO- 
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2223 filaments in the presence of a magnetic covering. 

Besides the transport ac losses in superconducting filaments, there are some 
additional losses in their magnetic coverings, which are basically hysteretic in nature. 
They depend on the particular ferromagnetic material used and on the form of its 
5 hysteretic loop at given frequency of the transport current. Preferably, the ferromagnetic 
material has a very narrow hysteretic loop. 

Fig. 3 shows two typical hysteretic loops, of a soft iron and a ferrite, which can 
be considered as suitable candidates for magnetic coverings. To estimate the orders of 
magnitude of the magnetic fields on the surface of the superconducting filaments, to 
1 o which the magnetic covers will be exposed, a single filament with a circular cross-section 
of radius R may be considered. The tangential magnetic field component H, on its 
surface is given by 



/ JR 

15 H <-2kR~2 0) 



where I is the current and j is the current density. The magnetic field on the surface of 
the filament is directly proportional to the current density and to the radius of the 
2 0 filament. For a filament having a rectangular cross-section, a similar relation is 
approximately valid, i.e. 



„ 1 _ J ab 

H '~2(a + b) 2{a + b) (2) 



25 



where a, b are the width and the thickness of the rectangle, respectively. For a highly 
"aspected" rectangle, i.e. in the limit of a»b, the following applies 



H ' ~ 2 (3) 
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By way of example, for a (BiPb)SrCaCuO-2223 tape with 55 filaments and a 
typical critical current I c =45 A, the magnetic field on the surface of an individual filament, 
without the influence of the magnetic fields generated by the neighbouring filaments, may 
be estimated. The real dimensions of a filament in such a tape are a=250um and 
5 b=30nm, and at the critical current each filament carries a current 1=0.8 A. From (2), one 
obtains H=1400 A/m on the surface of an isolated filament. For a thinner filament, this 
field will be lower. In the case of a multifilamentary tape, the magnetic field on the 
surface of an individual filament is a superposition of its self-magnetic field, given by 
equations (1) - (3), and the fields generated by the neighbouring filaments. These fields 
1 o compensate each other, because the currents in all filaments flow in the same direction. 
Thus, an effective field, to which the magnetic surrounding of the filament will be 
exposed to, will be significantly lower than the value obtained above. This fact could be 
beneficial from the point of view of hysteretic losses in magnetic material, because the 
magnetizing cycle will follow some minor hysteretic loop. 
1 5 The choice of a suitable magnetic material is governed by its hysteretic losses, 

basically given by the area of its hysteretic loop, and by the magnetic field of its 
saturation which should be higher than the maximum field in the composite. From the 
point of view of hysteretic losses, the amount of the magnetic material should be as small 
as possible (e.g. in a form of thin layers), in order to achieve the shielding effects. If the 
20 magnetic field starts to approach the saturation level of the shield material, a thicker 
material or a multiple shield may be used. In general, the use of multiple shields is more 
efficient than increasing the wall thickness. There exists a variety of magnetic materials 
with widely spread magnetic properties [21, 22]. 

Permaloy or molybdenum-permaloy powder can also be used. The effective 
25 relative permeability of these powders ranges from 5 to 550. The lower effective 
permeability leads to increased stability ofthis permeability against temperature variations 
and dc bias conditions. In addition to the linearity in the initial permeability region, the 
shearing of the hysteresis loop by the distributed air gap prevents saturation at high 
power levels. Special materials with different anisotropics can be prepared to have a very 
3 0 narrow hysteretic loop, i.e. very low hysteretic losses [23]. There exist soft magnetic 
materials with relative permeabilities >10 in external magnetic fields up to about 0. 1 T. 
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Partial screening may sufficiently decrease the transport ac losses if the number of 
filaments is large. 

Preliminary results, using iron powder as a shield on a single (BiPb)SrCaCuO- 
2223 tape exposed to a magnetic field generated by an another parallel (BiPb)SrCaCuO- 
5 2223 tape, showed that the screening was effective: I c degradation was about 20 %; in 
the range of currents 0.5I C - I c , the loss increase was about 2.5 times, including the losses 
in the iron; k(i)*2.5 at i = 0.5; 1 and a = 0.78 for a tape with aspect ratio 14 and the 
thickness of the covering » than the thickness of the tape. Using these parameters for 
a 55 filament tape, one obtains K«36. 

1 o The following Example illustrates the invention. 

Example 

Three (BiPb)SrCaCuO-2223 tapes were tested, i.e. a 55 filament tape with AgMg 
sheath/Ag matrix (Sample 1), a (6+1) filament tape with Ag matrix (Sample 2) and a 55 
filament tape with Ag sheath/Ag matrix (Sample 3). The magnetic cover layers were a 
1 5 fine Fe powder (99.5% purity) mixed with a GE varnish, 1 mm thick, applied by screen- 
printing (Samples 1 and 3) or a 25 \xm thick NiFe foil wrapped tightly as 1 layer (Sample 
2). All measurements were performed at 77 K in liquid nitrogen. Two different effects 
were studied, i.e. the influence of magnetic covering on critical current and transport ac 
losses of individual tapes, and the influence of the magnetic covering on screening 

2 0 properties of a tape in presence of an another current-carrying tape. 

a) Influence of magnetic covering on critical currents and transport ac losses 

Potential taps L, C, E were attached on different parts of the tape to measure the 
different types of transport ac losses. Potential wires L were in the form of an ordinary 
loop surrounding also the magnetic covering and so measuring the overall losses of the 

2 5 covered tape, i.e. the losses in the superconductor plus the losses in magnetic covering. 

The loop extension from the tape edge was 14 mm. The potential wires C (centre) and 
E (edge) passed along the surface of the tape, parallel to its axis, under the magnetic 
covering, in order to measure the influence of the covering on ac losses in the tape alone. 
It should be noted, however, that the losses measured by the potential wires C and E are 

3 0 only apparent losses, because of their very small loop extension [24], i.e. only the 

distance between the filamentary zone and the surface of the tape. The standard lock-in 
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technique was used for transport ac loss measurements [6, 24]. The dc current-voltage 
characteristics were measured by a classical 4-point method in increasing and decreasing 
current. Because of the hysteretic properties of both the (BiPb)SrCaCuO material and 
the magnetic covering, the first run of the dc current-voltage characteristic measurements 
5 differed from the subsequent runs, due to the influence of trapped magnetic field [25, 26] . 
The results of the subsequent runs are reported. 

Fig. 4 shows the dc current-voltage characteristics at increasing (solid symbols) 
and decreasing (open symbols) current for Sample 1 as received, covered with screen- 
printed Fe powder and after removing the Fe covering. It can be seen that the Fe 

1 0 covering has a significant influence on the dc current-voltage characteristics. The critical 
current I c determined at the electric field criterion E=l V/cm and the n-parameters 
characterizing the linear slope of the current-voltage characteristic in log-log 
representation (E-I n ) (Fig. 4b) are given in Table 1, below. The linear slope occurred 
in a range of electric fields of about 0.5-10 jiV/cm. Covering with Fe decreases both I c 

15 and the n-values. Both I c and the n-parameter are higher at decreasing than for 
increasing current. The critical current degradation caused by the Fe covering is about 
22%. 

Normalised transport ac losses Q of Sample 1 , as received, covered with screen- 
printed Fe powder and after removing the Fe covering, measured by the potential wires 

20 L, C and E at 40 Hz in dependence on normalised current, are shown in Fig. 5. There is 
a significant difference in the losses measured by the central (C) and edge (E) potential 
wires (Fig. 5a). The presence of the covering does not much affect the values, but 
transport ac losses measured by the loop L are much higher in the presence of the Fe 
covering (Fig. 5b). They represent both the losses in the superconductor and the losses 

25 in the ferromagnetic covering, i.e. the overall losses. The increase of the overall 
normalised losses in the presence of Fe covering, in the range of normalised currents 
I o /I c =0.5 - 1, which is the range of practical interest, is by a factor of 2.5 - 2, 
respectively. The frequency dependence, in the range of 40 - 90 Hz, of both the losses 
in superconductor and in the Fe covering, is very weak; basically, both kinds of losses are 

3 0 hysteretic. 
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In the case of the (6+1) filament tape with an Ag matrix (Sample 2) wrapped in 
NiFe foil, I c degradation due to the covering was similar to that of Sample 1 covered 
with Fe powder (Table 1), but the overall ac loss increase was much higher (Fig. 6). In 
the range of the currents Iq/Iq^O.S - 1, it was more than one or even two orders of 
5 magnitude. This was caused by the rectangular shape of the B(H) characteristic of the 
NiFe foil (Fig. 7) and its low saturation field matching with self-field of the Sample 2 at 
the current I 0 0.3]^. Again, both kinds of losses (in superconductor and in NiFe 
covering) were hysteretic in the measured frequency range (40 - 90 Hz). 

From these experiments, it is clear that the hysteretic losses in the magnetic 
1 0 covering can form a substantial part of the overall losses of the covered superconductor. 
This implies that in practice the amount of the covering material should be low, and that 
a material with high saturation field and narrow hysteretic loop should be used. 
b) Screening effects of a magnetic covering 

The effect of magnetic screening was tested by measuring transport ac losses in 
15 a pair of two parallel and identical (BiPb)SrCaCuO-2223 tapes (Sample 3). The distance 
between the tape edges was 2mm. Tape 1 was uniformly covered with a fine Fe powder 
mixed with GE varnish. The thickness of the covering was about 1 mm and electrically 
it was an insulator. Three different potential taps (E Q , C, Ej) with potential wires leading 
directly on the surface of the tape along its axis were attached on Tape 1 under the 

2 0 covering. The measurements were made in two different orientations of the currents in 

Tape 1 and Tape 2, i.e. parallel and anti-parallel. The two tapes were connected in series, 
the leads connecting the tapes were placed far away from the samples. The potential 
wires E 0 (o-outer) and E[ (/-inner) measured the losses on the outer and inner edges of 
the Tape 1 relative to Tape 2, respectively, and the potential wires C measured the losses 
25 on the central part of Tape 1. Again the measured ac losses are only apparent losses, 
because of the very small loop extension of the potential wires [24], and they do not 
represent the real losses in Tape 1. However, their dependence on the orientation of the 
currents in Tape 1 and Tape 2 in the presence of the magnetic covering gives information 
about the efficiency of the magnetic screening. Without the Fe covering, the magnetic 

3 0 field maps in two different orientations of the currents in tapes are very different (Fig. 7). 

For parallel currents, the fields in the gap between the tapes compensate each other but 
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for anti-parallel ones they are additive. Therefore, significant differences in apparent ac 
losses, measured by the potential wires E Q and E\ with and without the Fe covering, are 
expected, because of magnetic screening. 

Fig. 8 shows the effect of the orientation of the currents in two tapes on their dc 
5 current-voltage characteristics and critical currents. The Fe covering has a significant 
influence on the dc current-voltage characteristics. Generally both sets of the current- 
voltage characteristics, i.e. with and without the covering, are almost insensitive to the 
direction of the currents in the tapes. The only visible effect is in the case of anti-parallel 
currents when the sample was not covered with Fe powder. In this case, the measured 
10 voltages are slightly higher than for the parallel orientation of the currents or with the 
current only in the measured tape (Fig. 8a,b). It is caused by the increase of the magnetic 
field at the gap between the tapes in this orientation of currents (see Fig. 7b). However, 
this difference has little effect on the critical current determined at 1 \i V/cm (see Table 
1). In the presence of the Fe covering, there is no visible effect of the orientation of the 
15 current on the current- voltage characteristics, which indicates that the screening is 
effective. Similar hysteresis of the current-voltage characteristics in increasing and 
decreasing currents (not shown in Fig. 8) as in the case of Sample 1 (Fig. 4) was 
observed at all orientations of the currents with and without the covering. The influence 
of the covering and the orientation of the currents in the tapes on critical current and on 
2 0 the steepness of the current-voltage characteristic (n-parameter, E-I n ), corresponding 
to the linear characteristic in log-log representation, is summarised in Table 1. 

Transport ac losses measured by the potential wires E 0 , Ei and C at 40 Hz and 
different orientations of the currents in the tapes for covered and non-covered Tape 1 are 
shown in Fig. 9. It can be seen that the magnetic covering has a significant screening 
2 5 effect. The losses measured by the potential wires positioned at the edges of the tape (E 0 , 
Ej) are more sensitive to the directions of the currents in the tapes than those measured 
by the taps positioned in the centre of the tape (C ) when the tape is not covered with Fe. 
Especially for the potential wires Ei (Fig. 9c), the scatter of the data with current only in 
the measured tape and with parallel and antiparallel currents is much larger without the 
30 Fe covering (solid symbols) than when the tape was covered with Fe (open symbols), 
which indicates the efficiency of the magnetic screening. 
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Using NiFe as the covering material, I c degradation was similar to that for the 
iron powder but the total loss increase was more than one order of magnitude. This 
implies that the use of NiFe as a substrate in coated conductors can have a detrimental 
effect on ac losses. By contrast, iron powder was an effective screening material to 
5 decouple the tapes. Transport ac losses of magnetically screened tape were unaffected 
by the current in the neighbouring tape. 

Table 1 



Sample 


hjm 


(A) 




n-value ( 


u pL... 


n-value 


down) 




no cover 


cover 


no cover 


cover 


10 cover 


cover 


no cover 


cover 


1 (single) 


38.46 


30.04 


39.50 


31.23 


19.74 


16.27 


21.71 


17.64 


2(single) 


940 


7.48 


9.48 




8.52 


8.68 


8.83 




3(single) 


42.71 


30.93 


43.58 


32.50 


20.45 


16.24 


23.60 


16.04 


3{double)(I-parallel) 


42.91 


30.82 


43.81 


32.55 


21.36 


15.52 


24.17 


17.28 


3(double)(I-antiparallel) 


42.51 


30.84 


43.43 


31.68 


22.98 


16.24 


23.53 


14.18 



The results presented above, for tapes (3.65 mm wide and 0.26 mm thick) 
covered with a layer of iron powder, show that the Ic degradation was about 20% due 

2 0 to the presence of the magnetic material. Numerical modelling of the critical current was 

in accordance with these experimental results. However, the degradation of Ic of a single 
filament (with dimensions 250 \itn x 30 \im) due to the presence of the iron layer (5 \xm 
thick) on its surface was found only to be about 1%. These differences can be understood 
considering the self-magnetic fields (which depend on the dimensions of the conductor 
25 at given Ic ) and the non-linear B(H) characteristic of the iron. Consequently, the critical 
current of the multifilamentary tape with filaments covered with the iron layers was about 
20% higher than Ic of the same tape but without the covering the filaments with the iron. 
From these results, one can conclude that the presence of a magnetic layer around each 
filament of a multifilamentary tape reduces its ac losses and in the same time slightly 

3 0 increases its critical current (i.e. its current-carrying capacity) by about 20%. 
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CLAIMS 

1. A multifilamentary superconductor comprising a layer of a magnetic material 
around each filament. 

2. A superconductor according to claim 1 , wherein the layer is 0. 1 to 50 \im thick. 
5 3 . A superconductor according to claim 1 or claim 2, which comprises 1 0 to 1 000 

filaments around which the layer is provided. 

4. A superconductor according to any preceding claim, wherein adjacent filaments 
are spaced by 1 to 20 mm. 

5. A superconductor according to any preceding claim, wherein the filaments 
1 0 comprise Bi-2223 . 

6. A superconductor according to any preceding claim, wherein the magnetic 

material is ferromagnetic. 

7. A superconductor according to any preceding claim, wherein the magnetic 
material comprises iron oxide powder. 

15 8. A current-carrying device comprising a superconductor according to any 
preceding claim. 
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Fig. 4b 
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